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METHODS AND APPARATUS FOR 
LITHOGRAPHY OF SPARSE ARRAYS OF 

SUB-MICROMETER FEATURES 

This application is a continuation-in-part of application 
Ser. No. 08/399381. entitled “Methods and Apparatuses for 
lithography of Sparse Arrays of Sub-Micrometer Features” 
by S. R. I. Brueck et al.. Attorney Docket UNM-393. ?led 
Feb. 24. 1995. now abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to sub-micrometer 

lithography and more particularly to interferometric lithog 
raphy methods and apparatuses to produce sparse arrays of 
sub-micrometer features. Applications include ?eld emis 
sion devices for vacuum microelectronics and displays. and 
via holes for VLSI. 

2. Description of the Prior Art 
The size of lithographic features for electronic and display 

applications is continually decreasing. The Semiconductor 
Industry Association (SIA) road map shows critical dimen 
sions (CDs are the smallest patterned lateral feature size on 
a semiconductor chip) for production tooling decreasing 
from 0.35 pm in 1995 to 0.10 pm in 2007. Deep-UV optical 
lithography tools are presently approaching resolutions of 
0.35 um with ?eld sizes of 20-30 mm. These tools have been 
designed for the ?exibility required for logic circuits and the 
?atness and perfection possible with Si wafers. As a result 
of the inherent di?ractive coupling between lateral resolu 
tion and depth-of-?eld for imaging optical systems. the 
depth-of-?eld is necessarily very restricted to about 1.0 pm. 
Considerable effort is being expended on chemical 
mechanical planarization and top-surface imaging resists to 
accommodate this limited depth-of-?eld. These tools are 
inherently very expensive. The SIA road map calls for the 
development of 0.18-um CD lithography tools for the l-Gb 
DRAM generation expected in 2001. Because of the lateral 
resolution limitations of imaging optical lithographies. this 
will require a shorter wavelength source. most likely an ArF 
laser operating at 193 nm. which will require substantial and 
expensive research in new resist systems and mask capa 
bilities. The technology road map for even smaller CD tools 
is unresolved at present. 

Interferometric lithography is an alternate approach to 
sub-micrometer CD lithography that is applicable where the 
desired structures are largely. but not exclusively. periodic. 
This technique uses interfering. quasi-monochromatic. 
coherent laser beams. to write large areas of sub-wavelength 
structures as discussed in patent application Ser. No. 07/945. 
776. ?led Sep. 16. 1992. now U.S. Pat. No. 5.415.835. and 
entitled “Method and Apparatus for Fine-line Interferomet 
ric Lithography.” See also S. H. Zaidi and S. R. l. Brueck. 
“Multiple Exposure Interferometric Lithography.” J. Vac. 
Sci. Technol. B 11. 658 (1993); and S. H. Zaidi and S. R. J. 
Brueck. “Multiple Exposure Interferometric Lithography," 
in Optical/Laser Microlithography V11. T. Brunner. ed. SPIE 
2197. 869-875 (1994). Interferometric exposures inherently 
produce periodic or repetitive structures across the exposed 
area; aperiodic structures. such as contacts and 
interconnects. may be added by combining interferometric 
lithography with imaging optical lithography as discussed in 
the above references. 

For the simplest interferometric exposure consisting of 
two plane Waves symmetrically incident on a photosensitive 
surface of a plate at angles :9. a grating of period 1/(2sin 9) 

15 

20 

25 

35 

45 

55 

65 

2 
is produced. For equal linezspace gratings. a CD of 0.1 pm 
is readily achieved with a commercially available. 364-nm 
wavelength. Ar-ion laser (0=65°) using already developed 
and optimized deep-UV resists. Larger CD structures are 
also readily achieved with the same laser source at smaller 
angles. Two exposures with the plate (or the optical path) 
rotated by \|1=90° between exposures gives a rectilinear array 
of holes (as in Cowan US. Pat. No. 4.402.571). This pattern 
can be visualized as a set of holes whose centers fall on an 
imaginary array of points formed at the intersections of two 
sets of parallel lines. one set of lines corresponding to the 
centers of the ?rst grating lines and the second set of lines 
corresponding to the centers of the grating lines of the 
second exposure with the plate rotated relative to the optical 
path in other words. the holes are formed with their centers 
substantially on only a subset of the set of intersections of 
two mathematically-de?ned. equally-spaced. parallel arrays 
of lines. the ?rst array of lines oriented parallel to and 
de?ning the x-axis. and given by the set of equations y=N5,r 
where N is an integer (N=0. +l-1. +/—2. . . . ) and 5, is the 
spacing between the ?rst set of lines. and the second array 
of lines oriented at an angle \p to the ?rst array of lines. and 
mathematically de?ned by the set of equations y=tan (u!) * 
(rt-M5,). where M is an integer (M=0. +l-1. +/—2. . . . ) and 
5}, is the spacing between the second set of lines. The 
exposure ?uences. which are a measure of exposure doses. 
are adjusted so that only in the vicinity of these points is the 
cumulative exposure su?icient that the development process 
results in clearing of the photoresist. This is illustrated 
schematically in FIG. 1. The intensity of the exposure is 
denoted by the shading of the exposure with a greater 
exposure corresponding to a darker shade. Generally. more 
complex structures can be formed by using a larger number 
of exposures. 

Current lithographic practice makes use of both positive 
and negative tone photoresists. e. g. photosensitive materials 
for which a developer preferentially removes either the 
exposed (positive tone) or the unexposed (negative tone) 
areas. Both types of resist are in common use in microli 
thography. The role of holes and of mesas is reversed when 
the resist tone is reversed. For de?niteness. this speci?cation 
is written for a positive resist and refers to arrays of holes; 
however. the extension to negative resists and to arrays of 
mesas is within the state-of-the-art and is within the scope of 
this speci?cation. 
A dense array is de?ned herein as an array with a 

linezspaoe ratio varying between 1:0 and 1:2; measured 
along the line in the plane of the array with the lowest 
linezspaoe ratio. A dense array with a linezspace ratio of 1:15 
of 0.4-um diameter holes on a l-um pitch is shown in the 
scanning electron micrograph (SEM) of FIG. 2. This array 
was produced in a photoresist ?lm on top of a metal layer 
using interferometric lithography with 488-nm wavelength 
laser beams at angles of incidence of 0~+14° and —14°. A 
positive tone photoresist was used so that the holes are the 
areas of highest exposure where the photoresist was 
removed in the development process following the expo 
sure. Another example of this technique is shown in FIG. 3 
which shows a SEM of a dense array of 0.13-pm diameter 
holes on a 0.2-um pitch (linerspace ratio of 1:054) etched 
into a silicon substrate. The holes were etched into the Si 
using a reactive-ion etch (RIE) process following the 
develop step. The photoresist ?lm serves as a mask allowing 
etching only in the areas where the resist has been removed 
by exposure and development. Following the RIE. the 
remaining photoresist was removed using an oxygen plasma 
ashing process. For these geometries. the depth-of-?eld is 
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several tens of centimeters. set by the laser coherence. and 
is effectively in?nite on the scale of the ?lm thicknesses and 
topographies common in microelectronic and/or display 
fabrication. Only simple. low-NA optics (primarily inexpen 
sive ?at mirrors) are required for achieving these very small 
CDs. Importantly. this ~0.l-|.1m CD employs only presently 
existing. well-developed laser sources and photoresist sys 
terns. 

The pattern density is an important. application-speci?c 
parameter. In some applications such as investigations of the 
optical and electronic properties of quantum structures. it is 
desirable to have as dense an array as possible. This is 
readily provided by the prior-art interferometric lithography 
techniques where approximately equal linezspace gratings 
are produced. In many other applications. however. a much 
less dense structure is desirable. In the emerging ?eld of 
vacuum microelectronics . for example. it is desirable to have 
sparse arrays of holes (a linezspace ratio of 1:3 or larger e. 
g. 1:4) for the fabrication of ?eld emitter tips with apertures 
in the range of 0.1 to 0.5 pm. Field emitter tip arrays have 
applications to ?at panel displays and microwave devices. In 
the context of a square. two-dimensional array of holes. the 
linezspace ratio is the hole diameterzspaee between holes 
distance ratio. Larger ratios mean smaller holes for the same 
pitch or a larger pitch for the same hole diameter. The hole 
diametenpitch ratio measures the pitch or periodicity of the 
holes in hole diameter units. A linezspace ratio of 1:3 
commonly used in lithographic terminology would then be 
a hole diametenpitch ratio of 1:4. 
The most promising new technology for fabricating flat 

panel displays is based on Spindt-type ?eld emitters. The 
basic operating principal of this ?eld-emission cathode is the 
creation of a large electric ?eld in the vicinity of the emitter 
tip by controlling the sharpness of the tip and the tip-gate 
electrode proximity. The sharpness of the emitter is deter 
mined by the process technique used to form the emitter. 
while the gate-to-emitter distance is limited by the resolution 
of the lithographic tool. The higher the lithographic 
resolution. the smaller the gate-to-ernitter distance and the 
lower the turn-on voltage. a critical parameter for ?eld 
emission displays (FEDs) that strongly a?ects both the 
overall efficiency and the cost of the driver electronics. 

Sub-micrometer gate holes for the emitter tips increase 
the emitter density and. thereby. reduce the display pixel size 
for a given number of emitters per pixel. FED reliability is 
also improved by sub-micrometer gate holes since the 
volume of material in each emitter tip is directly related to 
the size of the hole. A typical emitter failure is caused by a 
sudden surge in current followed by evaporation and ion 
ization of the tip material. This vaporized material can 
contaminate nearby emitters as well as potentially trigger an 
anode are which can destroy a large number of nearby 
emitters. Reducing the volume of material in each emitter tip 
minimizes the probability of this catastrophic failure mecha 
nism. 
Whether a failed emitter a?ects the operation of neigh 

boring emitters depends on the amount of material ejected. 
the distance to the nearest neighboring emitters. and the 
stored capacitive energy. The radial distance affected by a 
single emitter failure was found to be 2.5 pm for a 1.0 pm 
gate hole diameter. For a dense array of holes. e.g.. a 1:1 
linezspace ratio. a failure of one emitter can trigger the 
destruction of its neighbors and possibly propagate through 
out the array. A sparse array of holes is. therefore. necessary 
to prevent random failures from propagating. Additional 
advantages to the sparse hole patterning are a reduction in 
the tip-gate capacitance and in the gate-emitter leakage 
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currents because of the possibility of undercutting the gate 
oxide in the fabrication process. This indicates the impor 
tance of sparse hole patterning of sub-micrometer holes. 
Typical interferometric lithography techniques result in a 1:1 
linezspace ratio. The methods of the present invention will 
produce sparse arrays of sub-micrometer holes over large 
areas. ideally suited to the manufacture of Spindt-type 
FEDs. 

Another application of sparse arrays is lithography for the 
formation of via holes for silicon integrated circuit manu 
facturing. Via holes are fabricated in dielectric layers over 
metal patterns and ?lled with a metal plug to make electrical 
contact between different metalization levels. The lithogra 
phy for these via holes is among the most demanding levels 
for the manufacture of integrated circuits. The density of 
these via holes is set by the circuit design and layout. and 
typically involves small holes (at the smallest CDs) sepa 
rated by much larger distances. Again. this demands a 
technique for sparse or isolated structures (large linezspace 
ratios). 

Holes in a photoresist layer corresponding to any 
linezspace ratio can. in principle. be formed by adjusting the 
exposure dose in relation to the develop parameters in 
single-period interferometric lithography exposure pairs 
(one exposure with lines of constant dose parallel to the 
(arbitrary) x-axis and a second exposure with lines of 
constant dose perpendicular to the x-axis along the y-axis). 
The peak exposure dose of each of the two exposures is less 
than the dose required to develop completely through the 
resist. clearing dose F, while the sum of the peak exposure 
doses for the two exposures is larger than F, Thus. the sites 
where the lines of peak exposure intersect receive an expo 
sure dose above Fr When the photoresist is etched by 
contact with a developer. these points of intersection become 
holes. The diameter of the holes (i. e.. the linezspace ratio) 
can be adjusted by varying the exposure doses. A largu dose 
will result in a larger diametm' hole or a smaller linezspace 
ratio. If the two exposures are at the same pitch and intensity. 
a square array of circular holes will result. If the periods of 
the two exposures are different. a rectilinear array will result. 
If the periods are the same. but the exposure doses are 
different. a square array of elliptical holes will result. This 
method is similar to that of Cowan. US. Pat. No. 4.402.571. 
However. it should be noted that Cowan’s invention was 
directed towards contoured photoresist ?lms. i.e. towards 
obtaining a linear dependence of the developed photoresist 
thickness on the exposure ?uence whereas the present 
invention is directed towards a nonlinear response with as 
rapid as possible a transition from a full photoresist thick 
ness in the exposed regions to a cleared photoresist exposing 
the substrate within the holes. thus the “effective threshold 
of linear response” de?ned by Cowan is substantially lower 
than F, 

However. there are limitations to this approach. The 
process latitude or tolerance of a manufacturing process to 
process variations (laser intensity. photoresist sensitivity. 
photoresist thickness. underlying re?ectivity. etc.) is not 
constant across the entire processing space; and. in 
particular. is signi?cantly lowered for large linezspace ratios. 
The process latitude has an important direct correlation with 
product yield and. hence. an inverse correlation with manu 
facturing cost per part. A su?icient process latitude is 
essential for cost effective manufacturing. 

This can be demonstrated by a simple argument. For a 
single-period interferometric lithography exposure pair. the 
exposure ?uence as a function of position is given by: 



5.759.744 
5 

ehws we Sin 9)] (1) 

where: F1=I1tl is the ?uence (intensityxduration) of the 
exposure for each individual beam incident on the sample; 
k=2rrl7t with 7t the laser wavelength; and His the angle of 
incidence. For nonrectilinear structures (i. e.. when the 
sample or the optical system is rotated by some angle other 
than 90° between exposures). 21 more complex analysis is 
required although the basic concepts are unchanged. The 
hole diameter (w) is just given by evaluating the region of 
space for which F(x.y)>F,. Simple algebra gives: 

where p=)J(2sin o) is the period. This result is plotted in 
FIG. 4 as the curve labeled “single period exposure pair.” 
The very large slope just as the resist begins to clear 
(F 1/F,.~0.l25) means that the hole diameter will be very 
sensitive to process variations in this regime. In contrast. for 
larger ?uences (F 1/l=‘,~0.l7; 1:1 linezspace ratio) the slope is 
much lower and the lithography much less sensitive to 
process variations. For still higher ?uences. the holes merge 
together (at a F1/F,=0.25) and the line:space ratio is again 
very sensitive to process variations. The 1:1 linezspace ratio 
is near optimal in terms of process sensitivity. 
A related problem to the sensitivity to exposure variations 

is the shape of the resist pro?le following the exposure and 
develop steps. Too shallow a resist slope will make the hole 
diameter susceptible to variations in the etch step following 
the lithography. Because the exposure pattern associated 
with interferometric lithography (Eq. (1)) is a relatively 
slowly varying sinusoidal function. cos (2kx sin 6); we rely 
on nonlinearities in the exposure and development processes 
to sharpen the pro?le. The resist pro?les resulting from the 
exposure and develop steps can be estimated with a simple 
model presented by Ziger and Mack (Generalized Approach 
toward Modeling Resist Performance. AIChE .lour. 37. 
1863-1874 (1991)). Neglecting post-exposure bake ?lm 
thickness loss and surface inhibition effects. they give a 
simple expression for the photoresist thickness following 
development as: 

(2) 

(3) 

where n is “a coordination number for the average number 
of base soluble groups that act in concert to affect solubility 
rate" and is typically ~5 for Novalak resists. The top curve 
in FIG. 5 shows the results for the calculated resist pro?le for 
0.5-um diameter holes on a 2~um pitch. The other curves in 
the ?gure pertain to different exposure conditions that are the 
subject of this invention and will be discussed below. The 
important point to note is that the slope of the sidewall is 
signi?cantly less than the ideal 90° for the single exposure 
curve. 

The current method of producing arrays of sub 
rnicrometer holes in photoresist layers using interferometric 
lithography exhibits an increasing process sensitivity as the 
linezspace ratio is increased. Speci?cally. this sensitivity is 
three times higher for the 1:3 linezspace ratios desired for 
sparse hole arrays for ?eld-emitter tip array fabrication than 
it is for 1:1 line space ratios. We have developed several 
techniques to address this issue and produce sparse hole 
arrays with signi?cantly more process latitude than is avail 
able ?om single period interferometric lithography exposure 
pairs (one for the x-direction. one for the y-direction). 

OBJECTS OF THE INVENTION 

It is therefore an object of the present invention to provide 
techniques to produce sparse hole arrays of sub-micrometer 
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dimensions with signi?cantly more process latitude than is 
available from single-period interferometric lithography 
exposure pairs (one for the x-direction. one for the 
y-direction) such that holes are formed centered on only a 
subset of the set of intersections of two mathematically 
de?ned. equally-spaced parallel arrays of lines. the ?rst 
array of lines oriented parallel to and de?ning the x axis and 
the second array of lines oriented at an angle \p to the ?rst 
array of lines. 

Another object of the present invention is to produce 
sparse hole arrays of sub-micrometer dimensions using four 
interferometric lithography exposures with two different 
pitches in each direction. 

Still another object of the present invention is to produce 
sparse hole arrays of sub-micrometer dimensions using four 
interferometric lithography exposures with processing steps 
between the ?rst pair (one in x. one in y) of lithography 
exposures and the second pair of lithography exposures. 
A further object is to produce sparse hole arrays of 

sub-micrometer dimensions using multiple exposures com 
bining interferometric lithography for the small features and 
conventional optical lithography for the larger features. 

Another object of the present invention is to provide a 
device and method which is capable of patterning sparse 
hole arrays of sub-micrometer dimensions using three beams 
for two exposure pair (one in x. one in y) formation of a 
sparse hole array. 
An additional object of the present invention is to provide 

a device and method which is capable of patterning sparse 
hole arrays of sub-micrometer dimensions using ?ve beams 
for a single exposure formation of a sparse hole array. 
A further object of the present invention is to provide a 

device and method capable of patterning sparse hole arrays 
of sub-micrometer dimensions using four beams for a single 
exposure formation of a sparse hole array while. at the same 
time. retaining a very large depth-of-?eld. 

SUMMARY OF THE INVENTION 

Methods and apparatuses are disclosed for producing 
sparse arrays of sub-micrometer holes and/or mesas in a 
photosensitive material on a substrate. where sparse arrays 
refer to hole/mesa diameter to inter-hole/mesa ratios 
(referred to as line:space ratios) of 1:3 or larger. Interference 
between coherent laser beams is a convenient technique for 
producing large-area arrays of periodic structures including 
hole/mesa arrays. However. for the prior art technique of 
using a single exposure pair (for de?ning the pattern in two 
nominally orthogonal directions in the plane of the 
substrate) the process latitude. i.e. the manufacturing toler 
ance to process and material variations. is optimal for 
linezspace ratios of about 1:1 and is substantially reduced for 
sparse arrays. Six related interferometric lithography meth 
ods are disclosed for providing improved process tolerance 
for the producu'on of sparse arrays. These include: (1) 
double exposure interferometric lithography pairs at pitches 
of p and pl2 in the same level of photoresist; (2) double 
exposure interferometric lithography pairs at pitches of p 
and pl2 and use of two levels of photoresist with interme 
diate processing; (3) combined optical lithography (for 
micrometer-sized structures) and interferometric lithogra 
phy (for sub-micrometer-sized structures) either in the same 
level of photoresist or in two levels with intermediate 
processing steps; (4) three-beam interferometric lithography 
pairs for direct exposure of a sparse array; (5) ?ve-beam 
interferometric lithography for simultaneous exposure of the 
complete sparse array of holes/mesas voiding the require 
















